Panax ginseng C. A. MEYER (Araliaceae) has been extensively used as an herbal medicine to enhance vitality, health, and longevity, being mainly cultivated in Korea and Northeast China. Accumulated research on ginseng has pointed out that its medicinal efficacy is closely related to its protective effects against free radical attack. Ginseng extract was reported to scavenge hydroxyl ( · OH), 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals, superoxide anion (O 2 · Ϫ ), and peroxynitrite (ONOO Ϫ ).
Ginsenosides have been regarded as the main active components responsible for the pharmacological activities of ginseng, 5) and the in vivo antioxidant activities of ginsenosides have been well described. [6] [7] [8] However, there have been virtually no in vitro reports describing the direct free radicalscavenging mechanisms of ginsenosides. Recently, Gülçin et al. 9) reported the effective hydrogen peroxide (H 2 O 2 )-scavenging and ferrous metal ion-chelating activities of triterpenoid glycoside, which has a very similar structure to ginsenosides. Therefore, we analogically interpreted that the antioxidant activities of ginsenosides can be evaluated by measuring H 2 O 2 and iron-induced · OH-scavenging activity using an electron spin resonance spectrometer (ESR).
ESR is widely used and seems to be the prerequisite tool for detecting and identifying free radicals. Especially, pure analyte solutions or even solid samples or suspensions are suitable for ESR measurement. 10) Therefore, ESR has a merit in the study of ginsenosides because of its low solubility in water, the solvent used in the ESR test. On the other hand, · OH is known to be extremely reactive and more toxic than other radical species, and can attack biologic molecules such as DNA, proteins, and lipids. The reactivity of · OH is marked and related to several human diseases such as rheumatoid arthritis, neurodegenerative disease, and diabetes. Therefore, its scavenging activity has received much attention. 11, 12) In the present study, we compared the · OH-scavenging and ferrous metal ion-chelating activities of six major ginsenosides isolated from Panax ginseng, ginsenoside Rb 1 , Rb 2 , Rc, Rd, Re, and Rg 1 , and two major less-polar ginsenosides produced after heat processing, 20(S)-Rg 3 and 20(R)-Rg 3 , using ESR. In addition, the · OH-scavenging activities of some sugar moieties and aglycones of ginsenosides, sapogenins, were investigated for the identification of structural characteristics to scavenge · OH. Preparation of Ginsenosides and Sapogenins Ginsenoside Rb 1 , Rb 2 , Rc, Rd, Re, Rg 1 , 20(S)-, and 20(R)-Rg 3 were previously isolated and identified in our laboratory by comparing the 13 C-and 1 H-NMR data with standard samples. 13) In the case of panaxadiol (PD), panaxatriol (PT), 20(S)-protopanaxadiol (PPD), and 20(S)-protopanaxatriol (PPT), these sapogenins were prepared by the acid hydrolysis or oxidative cleavage of ginsenosides by the reported methods.
MATERIALS AND METHODS

Materials
14-16)
ESR Experiments
The ESR spectra were recorded on a JES-TE100 ESR spectrometer (JEOL, Tokyo, Japan). The experimental parameters were as follows: temperature, ambient; microwave power, 1.02 mW; modulation frequency, 100 kHz; modulation width, 0.16 mT; sweep width, 5.0 mT; sweep time, 0.5 min; center field, 339.550 mT; time constant, 0.03 s; and receiver gain, 1. DMPO was used as a spin-trapping reagent for · OH. Mn 2ϩ was used as an external standard to calculate the relative amounts from ESR signal intensity.
Twenty microliters of DMPO (1/10 diluted with DW, v/v) was mixed with 38 ml of 0.2 mM FeSO 4 · 7H 2 O and 37 ml of 1 mM DTPA. The mixture was stirred with 30 ml of sample solution (dissolved with DW or acetone) and 75 ml of 1 mM H 2 O 2 . The solutions were transferred to a capillary tube and placed in the cavity of the ESR spectrometer for measurement. After 5 min, the ESR signal was taken to measure the inhibition of · OH by samples. The inhibition of · OH was determined by the ratio of the peak height of the second signal from the DMPO-OH spin adduct to the signal of Mn 2ϩ and compared to the control ratio. In addition, (Ϫ)-epigallocatechin 3-O-gallate (EGCg) was used as an · OH-scavenging positive control.
17)
Ferrous Metal Ion-Chelating Activity The chelation of ferrous ions was estimated by the method of Gülçin et al.
9)
The inhibition of ferrozine-Fe 2ϩ complex formation was compared to the control ratio. In addition, EDTA was used as a ferrous metal ion-chelating positive control.
Statistical Analysis The results are expressed as the meanϮS.E. of 3 values. The effect on each parameter was examined using one way analysis of variance. Individual differences between groups were evaluated using Dunnett's test, and those at pϽ0.05 were considered significant.
RESULTS AND DISCUSSION
There is a growing interest in investigating the antioxidant activities of ginsenosides. 8, 9) Ginsenosides are believed to be the main pharmacologically and biologically active components of ginseng, 5, 18) but the antioxidant activity, especially direct free radical-scavenging activity, has yet to be fully elucidated. The · OH-scavenging activity test using ESR is thought to be the most appropriate for ginsenosides, as mentioned above. Therefore, we compared the · OH-scavenging activities of ginsenosides contained in Panax ginseng using ESR, and investigated their structure and activity relationships.
Ginsenosides, unique constituents of ginseng, are glycosides of thirty carbon derivatives of the triterpenoid dammarane, as shown in Fig. 1 . They have a hydrophobic four ring steroidlike structure with hydrophilic sugar moieties. About 30 different types of ginsenosides have been isolated and identified from the root of Panax ginseng. Each also has at least two (carbon-3 and -20) or three (carbon-3, -6 and -20) hydroxyl groups, which are free, or bound to monomeric, dimeric, or trimeric sugars. They also exist as stereoisomers: 20(R)-ginsenosides and 20(S)-ginsenosides are epimers of each other depending on the position of the hydroxyl (OH) group on carbon-20. Especially, this epimerization is known to be produced by the selective attack of the OH group after the elimination of a glycosyl residue at carbon-20 during the steaming process. 5, 19) The ESR-spin trapping technique using DMPO was employed in this study for the measurement of · OH-scavenging activity. · OH is widely believed to be generated when H 2 O 2 reacts with free metal ions, and its scavenging ability of free radicals can be accomplished by direct scavenging, the prevention of · OH formation through the chelation of free metal ions, or converting H 2 O 2 to other harmless compounds. Especially, dietary nutrients containing metal chelators have received much attention because of their preventive antioxidant activity. 11, 12, 20) In addition, for the measurement of · OH, being highly reactive and possessing a short half-life, DMPO was used. It reacts with · OH to form DMPO-OH, giving it a longer half-life and making it easier to measure.
When the 8 ginsenosides, isolated from Panax ginseng, were dissolved with DW, 20(S)-Rg 3 showed the strongest · OH-scavenging activity, and the next were in the decreasing order of Rb 1 , Rg 1 , and Rc (Fig. 2) . These ginsenosides (2 mM) showed more than a 50% inhibitory activity against · OH generation than that of the control. The other ginsenosides such as Rb 2 and Rd showed a comparably lower activity, and Re and 20(R)-Rg 3 showed no significant inhibition (Fig. 3) . In addition, EGCg (2 mM), the · OH-scavenging positive control, inhibited · OH generation to about 62%. From the comparisons of activities in diol-type ginsenosides, the additional -Glc and -Ara(f) connected to Glc at carbon-20 was thought to increase the · OH-scavenging activities of ginsenosides, as shown in the strong activities of Rb 1 and Rc (Figs. 1, 3) . Especially, Rb 1 has been reported to protect hip- However, a low inhibitory activity was observed in diol-type ginsenosides containing additional -Ara(p) and no additional sugar moiety connected to Glc at carbon-20, as shown in Rb 2 and Rd, respectively (Figs. 1, 3) . On the other hand, the effect of -Glc-Glc at carbon-3 was not certain because all diol-type ginsenosides contain this group. In the case of triol-type ginsenosides, the -Glc at carbon-6 was thought to increase the · OH-scavenging activity of ginsenoside, as shown by the strong activity of Rg 1 , but an additional -Rha at the carbon-6 position had adverse effects, as shown in the nearly zero activity of Re (Figs. 1, 3) . Liu et al. 22) also reported that a -Glc attached to carbon-6 can make the ginsenoside an antioxidant in the free radical-induced hemolysis of human erythrocytes. On the other hand, Fig. 4 shows a comparison of the · OHscavenging activities of ginsenoside Rb 1 , Rc, Rg 1 , and 20(S)-Rg 3 in concentrations ranging from 0.5 to 2.0 mM. The IC 50 values of 20(S)-Rg 3 , Rb 1 , Rg 1 , and Rc were 0.51, 1.04, 1.51, and 1.87 mM, respectively. In addition, EGCg, the · OH-scavenging positive control, showed an IC 50 value of 3.76 mM (data not shown). From these results, the sugar moieties are thought to have pivotal roles in the · OH-scavenging activity of ginsenosides. The difference in the structures of ginsenosides is only due to the position and type of sugar moieties connected to the ring of the triterpenoid dammarane, and this mutual interaction was suggested to play an important role in the antioxidant effects of ginsenosides. 23) Interestingly, 20(S)-and 20(R)-Rg 3 are epimers which increase during steaming by the deglycosylation of diol-type ginsenosides, but their · OH-scavenging activities show considerable differences (Fig. 3) . 20(S)-Rg 3 showed the strongest activity compared to the other ginsenosides in this study, and many reports have provided supporting evidence that their antioxidant activity is closely related to the geometrical arrangement of the OH group, especially, at carbon-20. The alkene chain connected to carbon-20 in 20(S)-Rg 3 has a stable, fixed orientation and is packed tightly near the terpenoid, while that in 20(R)-Rg 3 protrudes further outside and has a flexible structure. 24) This compact structure of 20(S)-Rg 3 is thought to influence the accessibility of water to the OH group of carbon-12 and -20. Therefore, 20(S)-Rg 3 is known to be more soluble in water than 20(R)-Rg 3 . In addition, it was reported that the OH group of 20(S)-Rg 3 is better aligned with the OH acceptor group in the ion channels than that of 20(R)-Rg 3 , and that it was important for Na ϩ channel regulation. 25) Moreover, 20(S)-Rg 3 is reported to provide neuroprotection against cerebral ischemia-induced injury in the rat brain through reducing lipid peroxides and scavenging free radicals. 8) Therefore, it was thought that the strong · OHscavenging activity of 20(S)-Rg 3 in ESR is closely related to the geometrical arrangement of the OH group, especially at cabon-12 and -20.
On the other hand, the · OH-scavenging activity tests of some sugar moieties and aglycones of ginsenosides were carried out for the identification of its active part or mutual interaction. As a result, sugars showed no · OH-scavenging activities, and the activities of sapogenins were lower than predicted (Fig. 5) . Although PPD and PPT have the same 20(S)-arrangement of OH groups at cabon-12 and -20 of 20(S)-Rg 3 , the · OH-scavenging activities of these sapogenins were not sufficient to explain the strong activity of 20(S)-Rg 3 . The sapogenins are hydrophobic because the hydrophilic sugar moieties are not contained in their structure, as mentioned above, and it was thought that the · OH-scavenging activities of sapogenins were not exactly evaluated in DW, even though slightly insoluble solid samples or suspensions are suitable for ESR measurement.
10) Therefore, we continuously investigated the · OH-scavenging activities of ginsenosides and sapogenins with acetone, a solvent which can dissolve sapogenins well and has no effects on the DMPO-OH signal pattern, as shown in Fig. 2 .
When the 8 ginsenosides were dissolved with acetone, no ginsenosides inhibited · OH generation to more than 50% of the control value (Fig. 6A) . The activities of strong · OHscavenging ginsenosides such as Rb 1 , Rc, Rg 1 , and 20(S)-Rg 3 were lower than those dissolved in DW, and the solubility of these ginsenosides was poor in acetone. However, the solu- bility of sapogenins in acetone was good, and the · OH-scavenging activities of sapogenins became stronger than in those dissolved with DW (Figs. 5, 6B ). The · OH-scavenging activities of PPD and PPT were stronger than those of PD and PT, which have cycled side chains at carbon-20, and · OH scavenging activity was thought to be related to the 20(S)-arrangement of the OH group in PPD and PPT. In addition, the · OH-scavenging activities of PT and PPT were stronger than those of PD and PPD, respectively, and this was thought to be related to the additional OH at carbon-6 (Figs. 1, 6B) . Therefore, the structural characteristics of sapogenins to scavenge · OH were thought to be related to the 20(S)-arrangement of the OH group and the number of -OH groups, and solubility was an important factor to evaluate the · OH-scavenging activities of ginsenosides and sapogenins. Then, the strongest · OH-scavenging activity of 20(S)-Rg 3 compared to the other ginsenosides when dissolved with acetone was thought to have resulted from the effect of PPD (Fig. 6) .
Subsequently, we examined the ferrous metal ion-chelating activity tests of ginsenosides, sugar moieties, and sapogenins for identification of the · OH-scavenging mechanism of ginsenosides. · OH scavenging can be accomplished by direct scavenging or via the prevention of · OH formation through the chelation of free metal ions or converting H 2 O 2 to other harmless compounds, as mentioned above. However, several ginsenosides and sapogenins used in this study showed no or weak H 2 O 2 -and DPPH radical-scavenging activities at the concentration of 2 mM from our preliminary studies (data not shown). Therefore, the · OH-scavenging mechanism of ginsenosides was thought to be more related to their transition metal-chelating activity than via the direct scavenging of free radicals. The ferrous metal ion-chelating activities of ginsenosides are shown in Fig. 7A , whereby 20(S)-Rg 3 showed the strongest activity and the next were in the decreasing order of Rb 1 , Rc, Rg 1 , Rb 2 , and Rd at the concentration of 2 mM. However, no ginsenosides showed stronger activities than that of EDTA, the ferrous metal ionchelating positive control compound. In addition, the correlation was noted between the · OH-scavenging activities of ginsenosides when dissolved with DW ( Fig. 3) and their ferrous metal ion-chelating activities (Fig. 7A ). In the case of some sugar moieties and sapogenins (Fig. 7B) , no ferrous metal ion-chelating activities were observed in sugars and PD, but PPT showed the strongest activity, nearly to the level of EDTA, and the next were in the decreasing order of PPD and PT. In addition, there was observed correlation between the · OH-scavenging activities of sapogenins when dissolved with acetone ( Fig. 6B) and their ferrous metal ion-chelating activities (Fig. 7B) . The IC 50 values of Rb 1 , 20(S)-Rg 3 , PPD, PPT, and EDTA were 1.84, 1.36, 0.95, 0.82, and 0.60 mM, respectively (data not shown). Therefore, the · OH-scavenging activities of ginsenosides were thought to be closely related to the ferrous metal ion-chelating activity of PPD, and the hydrophilic sugar moieties can influence the solubility and ferrous metal ion-chelating activities of ginsenosides.
On the other hand, some ginsenosides showed weak · OHscavenging and ferrous metal ion-chelating activities; their functioning in vivo is dependent on metabolism. Ginsenoside is known as a prodrug that is activated in the body by intestinal bacterial deglycosylation, and this process is crucial for its pharmaceutical expression. 27) If weak · OH-scavenging ginsenosides such as Rb 2 , Rd, and Re are deglycosylated, their activities are thought to become stronger, as shown above with the results of sapogenins, but activity changes by further modification via fatty acid esterification in the liver remain to be elucidated. Therefore, heat processing and the metabolism-induced deglycosylation of ginsenosides are thought to be pivotal to enhance the antioxidant activities of ginsenosides, as described by our results.
In summary, from the · OH-scavenging and ferrous metal ion-chelating activity tests of several ginsenosides isolated from Panax ginseng, 20(S)-Rg 3 , Rb 1 , Rg 1 , and Rc were clarified as strong · OH-scavenging ginsenosides when dissolved with DW. The · OH-scavenging activities of ginsenosides 920 Vol. 30, No. 5 used in this study were related to the ferrous metal ionchelating activity of PPD. In addition, the ferrous metal ionchelating activities of ginsenosides were thought to be influenced by their types of hydrophilic sugar moieties. These in vitro · OH-scavenging results may be useful in order to understand and examine or elucidate the various antioxidant activities of ginsenosides. However, we can not ignore the fact that there remain many unclarified factors, such as complex metabolism or activity tests with other assay systems.
